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INTRODUCTION
Vertical jumping is an integral part of the high jump track-and-field event and sports such as volleyball, diving and basketball. Some form of jumping is involved in most sports. Running can be viewed as a series of alternating left and right leg jumps. Even olympic weightlifting has been described by coaches as a jumping-type movement. It is understandable why the vertical jump-and-reach test has become a commonly used measure of athletic ability.
Most jumping is preceded by a countermovement, which can be described as a quick bend of the knees during which the body's center of mass drops somewhat before being accelerated upwards. Enoka (3) reported a 12 percent jump height advantage with the countermovement among a group of 44 subjects. The countermovement utilizes the stretch-shortening cycle in which eccentric muscle stretching stores elastic energy which is in part released during immediately subsequent concentric muscle contraction. There is some evidence that individuals with predominantly fast twitch muscle fibers are better able to recover stored elastic energy in high speed countermovement jumps with short knee angular displacement, while individuals with predominantly slow twitch fibers can recover more stored elastic energy in slower jumps involving greater knee angular range (2) . The ability to recover stored elastic energy may also be affected by previous training (4) .
It has been theorized that improvement in performance with the countermovement may in part result from potcntiation, during the oertilc stretching phase, of myoelectric activity during the subsequent concentric contraction phase. However, contribution of such a mechanism appears unlikely because integrated EMG's have been shown to be no greater during vertical jumps with a countermovement than without one (1).
An additional theory proposed to explain the performance-enhancing effects of the countermovement is that a concentric contraction immediately following an eccentric stretch begins with the muscle already under considerable tension, making more chemical energy available for generation of force (3).
The existence of such a mechanism has not been directly tested by experimentation.
Even though it leads to higher jumping, countermovement cannot always be effected before a vertical jump. In some sports situations, and athlete is already in a squatting or semi-squatting position before jumping. Also, when jumping in response to the movement of another athlete or a ball, a player may not have time to perform a countermovement.
Vertical jumps are often characterized by swinging of the arms. Luhtanen and Komi (5) measured the impulse produced during no-countermovement jumps using only one body part at a time, and found a 10% contribution from the arms to take-off velocity. Payne (6) reported that the use of arms superimposed one extra late peak onto the GRF curve produced by the leg and body action and ensured that the center of gravity was as high as possible before flight began (about 12% higher with arms than without). The author also stated that the arms produced "extra force for the propulsion of the body" resulting in a 5% (7.6 cm) greater jump height. Also noted was a lower starting position for the jump without arms.
It is not always possible to use the arms to assist in vertical jumping. A player might be precluded from swinging the arms because they are occupied in throwing or manipulating a ball or other implement. The arms might have to be held in a raised position to prepare for blocking or catching a ball.
In none of the previous studies have the use of arms and countermovement been examined together. Because both are recognized as important factors in jumping, it would seem important to know how they interact with each other.
The present study was undertaken to accomplish this goal. In addition, it was intended that close examination of more jump variables than in previous studies, including those describing the timing of various sub-events of a jump, would provide information that would aid in selection of the most advantageous jumping techniques for given sports situations. Wnile arm-swing enhancement of the total jump resulted from both raising TBCM height at takeoff and increasing net pre-takeoff VGRI, improvement by the countermovement was due only due to the latter. The arm-swing resulted in a 9-10 cm advantage for the total jump, which translates to 14% and 27% for the no-countermovement and countermovement conditions respectively. It should be noted that the latter percentage is more relevant to most sport situations, where the height one can jump above a standing, not a semi-squatting position is usually most important. Figure 2 shows that, as the courtermovement jumps were initiated, ground reaction force dropped below body weight. The degree of unweighting was greater when the arms weren't used, under which condition the VGRF dropped to a mean 36% of body weight during the countermovement. When the arms were used, VGRF only dropped to a mean of 47% of body weight. For the countermovement jumps, the TBCM moved downward at a significantly faster peak speed when the arms weren't used. Apparently, the upward/backward swing of the arms partially offset the downward acceleration of the rest of the non-arm body mass.
In the countermovement jumps, the arm-swing resulted in a mean 3 cm less extensive drop in the TBCM. Estimates from measurement of photographs indicate that about half that was due to the upward/backward position of the arms at the bottom of the jump and the rest to slightly less knee flexion.
Slight countermovement, which was not visually observable, was picked up through computer analysis of the no countermovement jumps. Minimum VGRF was slightly below body weight during these jumps, indicating a small degree of
unweighting. It appears that, even with practice, mcst subjects coula not completely eliminate preparatory countermovement. It was observed that even slight movements of the head and trunk could account for the small amounts of jnweighting, even when the knees showed no countermovement at all. Some of the unweighting during the ANC jumps can be explained by the initial downward acceleration of the arms from their up and back starting position.
The graphs portraying the countermovement condition show the TBCM back at its starting position after the jumps. With no countermovement, the TBCM ended up higher than where it started because the jumpers began with bent knees and stood fairly erect after completing the jumps.
Peak VGRF was significantly greater when the arms were used than when they weren't. Countermovement didn't show a significant effect on peak VGRF, but there was a greater effect if arms during jumps without (+8%) than with (+2%) countermovement which showed up as statistical interaction. During the NAC jumps, peak VGRF occurred when the TBCM was at its low point, probably because the type of jump was asscziated with relatively high downward TBCM velocity during the countermovement, requiring high forces to slow TBCM descent. For the other jumps, peak VGRF occurred closer to takeoff.
Peak positive vertical velocity paralleled the differences in jump height among conditions. It should be noted that peak velocity was not at takeoff, but consistently 0.03 sec before takeoff (Table 3 ). It appears that during the last 30 or so milliseconds before takeoff the large muscles around the hip and thigh had already contracted fully, leaving only the plantar flexors in position to continue to generate VGRF. However, based on the forcc-velocity relationship (7) and the speed at which they were contracting, these muscles probably could not exert force equivalent to body weight, and the TBCM actually decelerated, so that takeoff velocity was only about 93% of peak velocity.
Vertical velocity at takeoff is a direct function of pre-takeoff net VGRI, or area under the VGRF-time curve, and body mass. Thus it is not surprising that arms and countermovement affected net VGRI just as they did takeoff velocity and jump height. The countermovement was associated with large positive VGRI, but also with sizable negative VGRI that cancelled out a good portion of the positive one, so that the countermovement had a relatively small but significant effect on net VGRI.
Peak positive power averaged well over 3,000 W overall, and close to 4,000 W for the AC condition. Only the use of the arms had significant eriancing effect on peak -ostive power. In contrast, only the countermovement had significant enhancing effect on average positive power. By definition, the muscles generated negative power when TBCM vertical velocity and VGRF were opposite in sign, as when the body's rate of descent was slowed by VGRF during the latter part of the countermovement. During the ccuntermovement jumps, both peak and average negative power were significantly greater when the arms weren't used. This is consistent with the relatively high unweighting and downward T8CM velccity for the no-arm jumps. Times of occurrence of power peaks were relatively consistent across jumps, with the ne-3tive and positive peaks respectively occurring about 440 and 70 milliseconds before takeoff.
Because positive power is the product of TBCM vertical velocity and VGRF, it is not surprising that peak positive power generally occurred between peak vertical velocity and peak VGRF.
The time of first movement listed in Table 3 indicates when the jumps began. It can be seen that the countermovement jumps took 71-76% longer from initial movement to takeoff than did the jumps without countermovement.
Correlations were performed to identify variables most closely associated with jump height. Pre-takeoff TBCM rise, being mainly a function of subject height, didn't correlate well with any of the variables describing important aspects of jump technique. Taller subjects could get their TBCMs higher in absolute terms before their feet left the ground, irrespective of force, impulse and power patterns manifested. There were correlations, in the 0.3 to 0.5 range, of pre-takeoff TBCM rise with both positive and net VGRI, but they probably reflect the tendency for taller subjects to be heavier and somewhat stronger. Table 4 It would be convenient to be able to estimate peak power from total jump height since the latter is more easily measured than post-takeoff TBCM rise.
For the no-countermovement jumps, regression equations using body weight and total jump height could only produce correlation coefficients in the range of 0.7. However, for the countermovement jumps, peak power could be predicted from total jump height (H) and body weight (W) with a correlation coefficient of 0.96 using the following equation:
The arms contributed a mean 10% to takeoff velocity in the present experiment for both the countermovement and no-countermovement conditions, a proportion very similar to the effect reported by Luhtanen and Komi (5) in an experiment in which no-countermovement jumps were performed using either the whole body or individual body parts alone. Jump heights in the present study were similar to those reported by Enoka (3), but his subjects showed a 4 cm countermovement effect compared with the 2 cm one reported here.
Readers must be cautioned that the total jump height used in the equation developed to predict peak power represents the maximum vertical travel of the TBCM. This is not necessarily the same as the height obtained from the widely used jump-and-reach test. The jump-and-reach test starts with the subject in a flatfooted stance with one arm raised touching a wall. The subject then jumps as high as possible touching the wall again, and jump height is the vertical distance between touch locations. Inserting the jump-and-reach score into the regression equations might not lead to accurate estimation of peak power.
In order to estimate how closely mean jump-and-reach scores matched total TBCM rise, the same group of subjects were reassembled a few weeks after the initial testing to perform the jump-and-reach test. The mean jump-and-reach score was 46.9+8.5 cm compared with 52.2+9.4 for the total TBCM rise. The fact that jump-and-reach scores were less than TBCM rise distances is probably because the force plate jumps started with the arms down, providing a lower TBCM starting position, and because the requirement of touching a wall is more restrictive than jumping straight up into the air. Even though they were performed more than a month apart, the two jump measures showed a correlation coefficient of 0.92. The high correlation suggests that a regression-derived equation would estimate with good accuracy peak power from jump-and-reach scores and body weight. The best way to produce information to develop such an equation would be to have subjects perform jump-and-reach tests from a force platform so that peak power production could be directly measured.
One might question how the arm-swing increases VGRI. The obvious answer is that upward acceleration of the arms must be accompanied by concomitant force at the feet. However, observations of the jumpers shows that in most cases the arms decelerate relative to the rest of the body as they approach the fully positive = upwards I = peak post-takeoff TBCM rise negative = downwards II = total peak TBCM rise VGRF = vertical ground reaction force VGRI = vertical ground reaction impulse TBCM = total body center of mass
